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We show that the form factor of an electron or a muon is unity for the modulus of the momentum
transfer away from the Hagedorn temperatures T e0 ∼ me and T
µ
0
∼ mµ and lower than the hadronic
Hagedorn temperature TQCD
0
∼ mpi. The structure of the electron or the muon is resolved for
momemtum transfers comparable to T e,µ
0
. This is seen in scattering experiments performed in the
1950s, 1960s, and early 1970s to test the validity of QED. We interprete center-vortex loops with no
self-intersection, occurring in the confining phases of each SU(2) gauge-theory factor, as Majorana
neutrinos. We offer a possible explanation for a contribution to Λcosmo not generated by the so-far
nonconfining, strongly interacting gauge theory SU(2)CMB .
PACS numbers: 12.38.Mh,11.10.Wx,12.38.G,04.40.Nr
Introduction. The main purpose of this Letter is to
extend and substantialize a thermal theory for charged
leptons put forward in [1]. The work in [1] is based on
the approach in [2]. The extension is related to the ex-
istence and the nature of neutrinos. We will not address
the interactions of neutrinos with charged leptons. In the
present Universe the gauge dynamics subject to the sym-
metry SU(2)CMB× SU(2)e×SU(2)µ×SU(2)τ predicts the
existence of stable fermionic [3] states (charged leptons)
with one unit of electric charge [1]. In addition, it pre-
dicts the existence of one (entangled) asymptotic photon.
The electric charge is a magnetic charge in each of the
SU(2) gauge-theory factors. Its coupling to the photon
(the fine-structure constant α) can be postdicted to 2.4%
accuracy in a tree-level treatment of the thermodynam-
ics. Our theory seems to resolve the long-standing prob-
lem of the apparent infinite self-energy of a structureless
charged lepton and most probably a number of other im-
portant problems [1]. We believe that the gauge theory
with symmetry SU(2)CMB× SU(2)e×SU(2)µ×SU(2)τ is
underlying Quantum Electrodynamics (QED). Here we
substantialize this theory in view of the following appar-
ent contradiction: In scattering, annihilation, and pro-
duction processes involving purely electrodynamical in-
teractions one would expect to see the structure of the
charged lepton unless some so-far unknown mechanism
prevents Nature from showing this structure to us most
of the time. As we will argue below, this mechanism is
rooted in the existence of an exponentially growing den-
sity of extremely instable excitations.
Mini-review of experimental situation. The elastic dif-
ferential cross section for e−e− (e−e+) scattering was
measured in [4] for electron (positron) incident kinetic
energies between 0.6MeV and 1.2MeV (0.6MeV and
1.0MeV) and an energy transfer of 50% the incident
kinetic energy. For Moeller (Bhabha) scattering good
agreement of experiment with theory was observed at the
high-energy ends. At 0.6MeV incident kinetic energy the
differential cross sections turned out to be significantly
lower than the theoretical Moeller (Bhabha) prediction
(it is clear that binding effects are entirely negligible).
Measurements of e−e− elastic scattering at 6.1MeV and
15.7MeV incident kinetic electron energy were reported
in [5, 6]. Excellent agreement with the Moeller prediction
was obtained. In the 1960s and early 1970s violations of
(tree-level) QED were parameterized by a cutoff scale in
the form factor FΛ(q
2) = (1 − q2/Λ2)−1 of the charged
lepton. Elastic e−e− scattering experiments gave dif-
ferent values for Λ: Λ > 0.76GeV (4.4GeV) for e−e−
scattering at
√
s = 600MeV (
√
s = 1112MeV) and 95%
confidence [7] ([8]). A test of QED by e−e+ scattering
at
√
s = 2× 510 MeV yielded Λ > 3.8GeV (positive
metric) and Λ > 2.0GeV (negative metric) [12]. Exper-
iments using a bremsstrahlungsbeam incident on a car-
bon target to produce e+e− pairs at wide angles [9, 10]
obtain the ratio R of experimental, differential cross sec-
tion to the Bethe-Heitler prediction (the contribution of
Compton processes is very small). In [9] R was found to
deviate strongly from unity for e+e− invariant massesM
in the vicinity of the muon threshold. In particular, for
M < 170MeV R was measured to be significantly below
unity whereas forM > 200MeV R values were measured
consistent with or larger than unity. In [10] the exper-
iment was repeated, and a much better consistency of
R with unity was claimed. Still, R was measured to be
significantly below unity at M ∼ 170, 310, 450MeV and
above unity at M ∼ 380MeV. For 500 < M < 900MeV
experiment turned out to be consistent with R = 1.
Similar results were obtained in [11]. In [13] a rather
weak lower bound of Λ > 1.3GeV was measured in
e−e+ annihilation into 2γ at
√
s = 1GeV, and in [14]
the QED tree-level prediction for total muon production
cross section by e+e− → µ+µ− was found to be consis-
tent with experiment at 1020MeV <
√
s < 1340MeV.
In [15] data on wide-angle e+e− Bhabha scattering at
1.4GeV <
√
q2 < 2.4GeV are reported. In the vicin-
ity of the τ threshold significant deviations of the mea-
sured cross section from the QED prediction were seen
(three data points at
√
q2 = 1.8, 1.85, 2.4 were not con-
sistent with the QED prediction). For a compilation
of QED tests at higher energy see [16]. A conspicuous
feature is that differential cross sections for the reaction
e+e− → e+e− deviate significantly from the QED pre-
diction at small scattering angle where the momentum
transfer is close to the kinematic threshold for τ produc-
2tion. To conclude, the data hint on deviations of exper-
imental cross sections from the QED prediction in the
vicinity of the kinematical threshold for the production
of a charged lepton. Away from this threshold (tree-
level) QED passes the experimental tests very well. But
why does tree-level QED give such a good description in
the latter case even though we believe now that charged
leptons are solitons? Before we give a partial answer to
this question (partial because we so far have no handle
on QCD effects, see below) we would like to remind the
reader of the fact that in the real world the above gauge
dynamics is ‘contaminated’ by the hadronic world sub-
ject to the chromodynamical gauge symmetry SU(3)C .
This effect becomes important as the momentum trans-
fer felt by a charged lepton exceeds the pion production
threshold mpi ∼ 140MeV. Since we would like to discuss
pure QED and (noninteracting) neutrinos we restrict our-
selves to a discussion of the gauge dynamics subject to
SU(2)CMB×SU(2)e×SU(2)µ and to momentum transfers
smaller than mpi. An inclusion of QCD effects in our
thermodynamical approach would need a genuine under-
standing of the nature of quarks (maybe quarks are color
magnetic and magnetic monopoles of a pure SU(N>3)
gauge theory?). This lack of our present understand-
ing manifests itself in the unexpected discoveries of nar-
row hadronic states with more than three quarks as con-
stituents [17]).
Hagedorn’s approach to particle collisions in strongly
interacting theories. Our discussion of the apparent
structurelessness of the electron and the muon heavily re-
lies on Hagedorn’s work on the thermodynamics of strong
interactions [18] and the ‘mechanism independent of the
method of excitation’ by Wu and Yang [19]. Therefore,
we briefly review the main ideas and results. Hagedorn
bases his approach on the following three postulates:
(i) strong interactions are so strong that they produce an
infinity of resonances (for resonance mass →∞ they are
called fire-balls),
(ii) fire-balls can be described by statistical thermody-
namics,
(iii) fire-balls consist of fire-balls.
In addition:
(i′) strong interaction are as strong as they possibly can
be without violating postulate (ii).
Postulates (i) and (ii) enable Hagedorn to define parti-
tion functions for the strongly interacting system (i) in
terms of hadronic resonances and (ii) in terms of fire-
balls. They are dual descriptions of one and the same
physics which involve densities of states ρ(m) and σ(E),
respectively. A weak condition of self-consistency is the
equality of the entropies at large energies
log ρ(x) → log σ(x) , x→∞ . (1)
Hagedorn then argues that the only admissible solutions
to this condition are exponentially increasing densities of
state. The occurrence of a highest temperature T0 is an
immediate consequence of this solution. Subsequently,
Hagedorn applies his theory to a description of scatter-
ing and annihilation processes in strong interactions. For
center-of-mass energies considerably (but not too much)
larger than the highest temperature T0 there is no real
difference between bosonic and fermionic statistics. The
probability density w(p⊥) for generating a particle of
mass m and transverse momentum p⊥ in the collision
is derived as
w(p⊥) = const× p⊥
√
T0
√
p2
⊥
+
m2 exp
[
−1/T0
√
p2
⊥
+m2
]
. (2)
For example, a differential elastic cross section for 2→ 2
scattering contains three types of factors: (a) w(p⊥) in
(2), (b) the probability that the number of particles is
two, and (c) kinematical and geometrical factors being
algebraic in p⊥ and E. Wu and Yang observe [19] that
the electromagnetic form factor F (q2) of the proton (we
do not distinguish between electric and magnetic form
factors in this Letter) is an exponentially falling function
of the momentum transfer
√
q2 as
F (q2)→ exp
[
−
√
q2/(4T0)
]
(
√
q2 ≫ T0) . (3)
Hagedorn interpretes Eq. (3) as a supporting fact for his
thermodynamical theory for particle scattering in strong
interactions. He obtains an estimate for T0 ∼ 165MeV
by taking the inverse pion mass as a natural radius for
the fire-ball mediating the scattering of hadrons.
QED, an exponentially rising density of states, and
neutrinos. Hagedorn developed his thermodynamical ap-
proach to particle scattering within the framework of
strong interactions. He did not anticipate the possi-
blity that Quantum Electrodynamics (QED) could be
generated by a strongly interacting theory in the sense
proposed in [1]. This theory possesses an exponentially
growing density of states. The spectrum of states in the
confining (or center) phase for one of the SU(2) gauge
theories in SU(2)CMB× SU(2)e×SU(2)µ×SU(2)τ is de-
picted in Fig. 1. In [1] we have interpreted the single
center-vortex loop (the first state in Fig. 1) as a dark
matter particle since it does not carry electric charge.
We did not specify further the nature of this particle. At
first sight we have rejected the possibility that this par-
ticle is the neutrino associated with the charged lepton.
This seemed to be justified by the (erroneous) conclusion
that the mass of the single center-vortex loop should be
comparable to the mass of the charged lepton. In the
meantime we have changed our conclusion. A center-
vortex loop with no self-intersection has vanishing en-
ergy in the confining phase for a sufficiently large loop
size [20]. This is the reason why center-vortices condense
in the first place (in [21] a beautiful discussion is given
of the distribution of topological charge in dependence of
the gradient of the tangential vector to the loop). Thus,
the associated particle has vanishing mass. There is an
3stable particles
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FIG. 1: The spectrum of excitations of an SU(2) gauge theory
in its confining phase. The thick lines denote (large) center-
vortex loops, and the dots represent crossings of center vor-
tices. Each crossing carries ± one unit of electric charge. The
first two states correspond to stable excitations. States with
more than one center-vortex crossing are extremely unsta-
ble in the presence of photons which belong to SU(2) gauge-
theory factors not being in their center (or confining) phases.
The electric charges in such ‘hadrons’ either (very rarely) an-
nihilate into neutrinos [28] or (much more often) into photons.
A ‘hadron’ is torn apart by Coulomb repulsion if only equal-
sign electric charges reside in it.
experimental upper bound on the mass of the electron-
neutrino (νe) of 2.2 eV [22] and 2.5 eV [23]. Compared to
the electron mass me = 511 keV this is a tiny number. In
the Troitsk experiment [23] a final bump in the Kurie plot
was reported. This bump led the authors of [24] to the
interpretion of νe as a zero-point fluctuation. This con-
clusion is quite natural if the neutrino is interpreted as a
large center-vortex loop. A further conclusion is that the
tiny neutrino masses follow the same hierarchical mass
pattern as the charged leptons do since the tiny energy
of a single center-vortex loop is governed by the size of it
(same for all families) and the associated Yang-Mills scale
or the Hagedorn temperature or the mass of the charged
lepton. As for the spin, it was found in [3] that each sta-
ble particle in the center (or confining) phase of an SU(2)
gauge theory should be interpreted as a fermion. As-
suming thermalization sufficiently long after the 1st order
phase transition towards the center phase, this property
is derived from counting inequivalent, nonlocal Z2 trans-
formations which change the periodic boundary condi-
tions of the underlying SU(2) Yang-Mills theory into an-
tiperiodic ones during the phase transition. Since there is
no way of distinguishing a neutrino from its antiparticle
in our theory we are led to conclude that neutrinos are
of the Majorana type [25]. This conclusion is supported
experimentally by the evidence for double-beta decay of
76Ge as published in [26].
The gauge group describing electrodynamics was pro-
posed in [2] to be SU(2)CMB× SU(2)e×SU(2)µ×SU(2)τ .
For momentum transfers
√
q2 much smaller than the
Hagedorn temperature T e0 but larger than T
CMB
0 ∼
10−4 eV there is only one massless photon in the the-
ory [1]. This photon is quantum entangled with two very
heavy photons which belong to the two gauge-theory fac-
fire−ball
FIG. 2: Elastic scattering of charged leptons.
tors in SU(2)e×SU(2)µ being in their confining phases
[1]. In an on-shell state (no restriction on its energy) the
massless photon can be considered as a part of the ther-
mal ensemble, characterized by the temperature TCMB.
This is true because the photon, possibly a radio wave or
visible light or a γ ray, only generates a temperature fluc-
tuation ∆T/TCMB ≪ 1 which is much smaller than the
primordial fluctuations seen in the CMB. We thus may
view the entire visible Universe as a fire-ball of tempera-
ture TCMB. The mechanism which decreases the tempera-
ture of this fire-ball is gravitational expansion. For elastic
scattering of charged leptons the photon couples to the
respective lepton via a form factor which is written as a
sum (recall postulate (iii) above, the scattering is a sta-
tistical process involving all purely leptonic resonances)
of the type
F (q2) ∼ 1/2
(
exp
[
−
√
q2/(4T e0 )
]
+ exp
[
−
√
q2/(4T µ0 )
])
,
(4)
where T e0 and T
µ
0 denote the Hagedorn temperatures be-
longing to the factors in SU(2)e×SU(2)µ. We have omit-
ted the form factor due to T CMB0 since for any so-far
performed QED elastic scattering, annihilation or pro-
duction experiment the momentum transfers are much
larger than this temperature, and thus the exponential
suppression is extremely large. The ∼ sign in (4) indi-
cates that the exponential dependence is only valid suf-
ficiently far above or below a kinematical threshold for
the production of a charged lepton (in practice a fac-
tor of two or three is sufficient). Close to the threshold
the exponential should be replaced by a Hankel function
[18]. The normalization 1/2 defines the fine-structure
constant to be α = 1/137 for momentum transfer con-
siderably smaller than T e0 [1]. As for the τ lepton, its
mass mτ ∼ 1777MeV is much larger than the hadronic
threshold mpi ∼ 140MeV, and the theory SU(2)τ is ‘con-
taminated’ by the hadronic world and weak interactions:
Fire-balls generated by momentum transfers higher than
mpi, which rather often occur in processes involving the τ
lepton, do contain strongly and weakly decaying hadronic
resonances. As a consequence, the factor SU(2)τ should
be treated separately. So far we do not understand why
quarks and charged hadrons couple to the same photon
as the electron does. It is possible that the three (al-
4most) massless photons of SU(2)CMB×SU(2)e×SU(2)µ,
which contribute to scattering processes at momentum
transfers larger than T µ0 but lower than T
QCD
0 , are quan-
tum entangled with very heavy photons originating from
a pure SU(N) gauge theory disguising itself as QCD in its
confining phase. The three massless photons would then
see the same electric charge as the QCD photons saw at
temperatures considerably larger than TQCD0 . So far we
can only speculate about the pure gauge theory which
generates quarks. More definite investigations will be
performed in the future. The exponentials parametrized
by T e0 ∼ 1/200T µ0 are practically unity for
√
q2 suffi-
ciently below T e0 . As a consequence, the form factors of
e± or µ± are unity. Both the electron and the muon
appear to be pointlike in elastic scattering. This state-
ment should generalize to annihilation, pair production,
or Compton scattering. For momentum transfer much
larger than T e0 but smaller than T
µ
0 the first exponential
in (4) is strongly suppressed as compared to the second
one. At first sight one would conclude that the effective
form factor is 1/2 instead of the measured value unity.
However, the loss in form factor is precisely compensated
by the occurrence of an additional photon in the fire-ball
(for momentum transfer considerably larger than T e0 the
SU(2)e gauge dynamics is in addition to SU(2)CMB in its
electric phase, see [1]). This effectively multiplies the left-
over exponential by a factor of two. The resulting form
factor for e± or µ± is, again, unity – in perfect agreement
with experiment [5, 6]. Approaching T e0 from below, the
fall-off of the exponential is not yet compensated by an
additional, massless photon: the cross section is below
the QED prediction. This situation is, indeed, an exper-
imental result [4, 5]. For
√
q2 much larger than T e0 but
lower than T µ0 the electron should appear structureless
again. This is verfied in an experiment [6]. For momen-
tum transfers
√
q2 considerably larger than T µ0 we run
into hadronic contaminations which we are not able to
handle at present. For
√
q2 slighly higher than T µ0 the
left over exponential in (4) starts to become active. This
is, again, compensated by the kinematical liberation of
an additional photon in the fire-ball. As a consequence,
we do not expect a drastic deviation from unity of the ef-
fective form factor for e± as we cross the muon threshold.
This expectation is in agreement with the experimental
data in [10, 11] but not in [9]. In conclusion, we have
made sufficiently clear that the structure of the electron
and the muon is only resolved in elastic scattering ex-
periments for momentum transfers close to the masses of
these charged leptons.
Possible explanation of missing Λcosmo. Although top-
ically not in the main line of this Letter we use the re-
maining space to speculate on the mechanism which gen-
erates the part in Λcosmo not generated by the strongly in-
teracting gauge theory underlying electromagnetism [1].
Let us assume that all particles and their interactions
are generated by products of SU(N) Yang-Mills theories.
As a consequence, stable and massive particles are soli-
tons of these theories in their confining phases. Parti-
cle collisions with momentum transfers larger than the
associated Hagedorn temperature T SU(N)0 generate local
fire-balls where the gauge theory is not in its confining
phase. Locally, the theory generates negative pressure
[2] shortly before the fire-ball dissolves. For example,
shortly before the formation of the e−e− pair the theo-
ries SU(2)e or SU(2)µ generate negative pressure inside
the local fire-ball generated in elastic e−e− collisions at√
s higher than T e0 or T
µ
0 . A similar situation holds in
relativistic hadron or heavy-ion collisions. Space expands
quasi-exponentially in time within fire-balls of equation
of state close to ρ = −P . This is in contrast to the
power-law behavior within a radiation dominated fire-
ball occuring in the very early stages of a collision with
momentum transfer much larger than the Hagedorn tem-
perature of the associated SU(N) gauge theory. Averag-
ing the local equation of state over space at a given time
in a gravitationally gauge invariant way, we thus expect
a negative, global equation of state to be generated [29].
This coarse-grained contribution to Λcosmo could make up
for the too small [30] homogeneous part in Λcosmo origi-
nating from SU(2)CMB.
Acknowledgments: The author would like to thank Luis
Alvarez-Gaume and Arjun Berera for very stimulat-
ing discussions. Useful conversations with Peter Fis-
cher, Holger Gies, Jo¨rg Ja¨ckel, Philippe de Forcrand,
Bertold Stech, Zurab Tavartkiladze, Christof Wetterich,
and Werner Wetzel are gratefully acknowledged. The
author would like to thank Otto Nachtmann for his very
sophisticated help in finding the relevant literature. The
financial support and the hospitality of CERN’s theory
division are thankfully acknowledged.
[1] R. Hofmann, hep-ph/0312048.
[2] R. Hofmann, hep-ph/0312046.
[3] R. Hofmann, hep-ph/0312051.
[4] A. Ashkin, L. A. Page, and W. M. Woodard, Phys. Rev.
94, 357 (1953).
[5] W. C. Barber, G. E. Becker, and E. L. Chu, Phys. Rev.
89, 950 (1953).
[6] M. B. Scott, A. O. Hanson, and E. M. Lyman, Phys. Rev.
84, 638 (1951).
[7] W. C. Barber et al., Phys. Rev. Lett. 16, 1127 (1966).
[8] W. C. Barber et al., Phys. Rev. D3, 2796 (1971).
[9] R. B. Blumenthal et al., Phys. Rev. 144, 1199 (1966).
[10] H. Alvensleben et al., Phys. Rev. Lett. 21, 1501 (1968).
[11] J. G. Asbury et al., Phys. Rev. Lett. 18, 65 (1967).
[12] J. E. Augustin et al., Phys. Lett. B31, 673 (1970).
[13] V. E. Balakin et al., Phys. Lett. B34, 99 (1971).
[14] V. E. Balakin et al., Phys. Lett. B37, 435 (1971).
[15] C. Bernadini, in proc. 1971 intern. symposium on elec-
tron and photon interactions at high energies, Cornell
University, Ithaca, N. Y., Aug. 23-27 1971.
5[16] P. Dittmann and V. Hepp, Z. Phys. C10, 283 (1981),
Erratum-ibid.C11, 271 (1981).
[17] J. Barth et al., Phys. Lett. B572, 127 (2003); W. Liu
and C.M. Ko, Phys. Rev. C68, 045203 (2003).
[18] R. Hagedorn, Nuovo Cim. Suppl. 3 (1965) 147.
[19] T. T. Wu and C.-N. Yang, Phys. Rev. 137, B711 (1964).
[20] J. D. Lange, M. Engelhardt, and H. Reinhardt, Phys.
Rev. D68, 025001 (2003).
[21] F. Bruckmann and M. Engelhardt, Phys. Rev. D68,
105011 (2003).
[22] Ch. Krauss et al., Prog. Part. Nucl. Phys. 48, 133 (2002);
J. Bonn et al., Nucl. Phys. Proc. Suppl. 91, 273 (2001).
[23] V. M. Lobashev, Nucl. Phys. Proc. Suppl. 91, 280 (2001).
[24] L. Bosi and G. Cavalleri, Nuovo Cim. 117B, 243 (2002).
[25] For an interpretation of a center-vortex as a chain of
monopoles and antimonopoles see: L. Del Debbio et al.,
proc. NATO Adv. Res. Workshop on theor. Phys., Za-
kopane (1997) [hep-lat/9708023].
[26] H. V. Klapdor-Kleingrothaus et al., Phys. Lett.B578, 54
(2004); H. V. Klapdor-Kleingrothaus et al., Mod. Phys.
Lett. A16, 2409 (2001).
[27] The onset of the magnetic phase of SU(2)CMB, in which
the present Universe resides, is determined by TCMB at
which the photon γ is precisely massless.
[28] In this Letter we do not discuss a Hagedorn tempera-
ture which could be defined with respect to the continu-
ous spectrum of neutrino excitations (center-vortex loops
with varying size).
[29] The pressure outside of a local fire-ball is that of the
global fire-ball generated by SU(2)CMB. It is negative [1].
[30] D. N. Spergel et al., Astrophys. J. Suppl. Ser. 148, 175
(2003).
